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PHENYLKETONURIA (PKU) IS AN autosomal recessive inborn error of metabolism caused by a deficiency of hepatic phenylalanine hydroxylase (PAH; EC 1.14.16.1), resulting in hyperphenylalaninemia due to an inability to convert phenylalanine (phe) to tyrosine (14) . The primary therapy for PKU is life-long adherence to a diet that limits phe intake to the minimum amount needed to support growth and protein turnover (40) . The low-phe PKU diet requires extensive restriction of foods containing natural protein (often only 5-10 g protein per day are allowed) and supplementation with amino acids (AA), usually in the form of a formula, to achieve adequate intake of nitrogen, indispensable AA, and micronutrients (31) . Compliance with the low-phe diet is often poor after 10 yr of age, despite the detrimental neuropsychological consequences of hyperphenylalanemia (23, 57) .
Glycomacropeptide (GMP), the only known naturally occurring dietary protein that, in its pure form, contains no phe (25) , provides a new nutritional paradigm for PKU. Our studies in the murine model of PAH deficiency, the Pah enu2 mouse (PKU mouse) (32, 39) , which mimics the phenotype of human PKU, including elevated phe concentrations and cognitive defects, indicate that a GMP diet reduces phe concentrations in plasma and brain compared with an AA diet (39) . Our studies in humans with PKU (30, 38, 54) indicate that GMP improves protein retention, phe concentrations, and satiety and palatability of the low-phe diet. However, questions remain about the ability of GMP to support long-term growth, physiological function, and energy balance in those with PKU, especially given the rising incidence of overweight in children and adults with PKU treated with conventional AA diets (3, 33) .
GMP is a 64-AA glycophosphopeptide, corresponding to AA 106 -169 of -casein, which is released in the human stomach after ingestion of bovine milk or yogurt (11) . For commercial use, GMP is obtained from cheese making when -casein is cleaved by rennet chymosin into para--casein, which remains with the cheese curd, and GMP, which remains with the whey (8, 17) . GMP, the third most abundant protein in cheese whey, is highly polar, with an isoelectric point below 3.8, and is glycosylated by galactosamine, galactose, and -sialic acid at threonine sites (25) . Moreover, GMP has a unique AA profile, including an absence of aromatic AA, phe, tryptophan, and tyrosine, as well as arginine, cysteine, and histidine, and concentrations of isoleucine and threonine that are two-to threefold greater, respectively, than those found in other dietary proteins (17) . GMP supplemented with limiting AA provides a low-phe source of dietary protein that is an acceptable alternative to AA formula and can be made into an array of foods and beverages to enhance variety in the low-phe diet required for those with PKU (28, 54) .
In addition to its unique application to the nutritional management of PKU, GMP demonstrates a number of interesting biological activities, as summarized in current reviews (8, 24) . In vitro studies indicate that GMP binds cholera and E. coli enterotoxins and inhibits bacterial and viral adhesions (36) , inhibits adhesion of cariogenic bacteria with usage in toothpaste (2) , and modulates immune response (27, 47) . In vivo studies indicate that oral administration of GMP shows substantial anti-inflammatory effects in rat models of colitis and ileitis (29, 46) , increases zinc absorption in rhesus monkeys (22) , and may promote satiety in humans (9, 26, 30, 56) . The mechanisms underlying these observations of GMP action are largely unknown, although thought to be linked with the unique chemical structure of GMP.
Given the potential of dietary GMP as an acceptable alternative to AA formula in the nutritional management of PKU, it is important to examine the metabolic and physiological effects of GMP relative to an AA-based diet. Moreover, characterization of the metabolic phenotype of the PKU mouse will facilitate the design and interpretation of PKU research using this important and well-accepted genetic mouse model. Thus our objective was to compare growth, body composition, and energy balance in weanling PKU and wild-type (WT) mice fed diets containing GMP, AA, or casein from weaning through young adulthood. Systemic inflammation as a contributor to metabolic stress was explored by assessing spleen mass and histology and plasma cytokine concentrations. We observed a significant increase in energy expenditure in PKU mice, and attenuation of parameters reflecting metabolic stress in PKU mice fed a low-phe diet containing GMP compared with a high-phe casein diet or a low-phe AA diet.
MATERIALS AND METHODS
Animals and experimental design. The animal facilities and protocols reported were approved by the University of Wisconsin-Madison Institutional Animal Care and Use Committee. A PKU mouse colony was established using the murine model of PAH deficiency, the Pah enu mouse, on a C57Bl/6 background (20, 32) . PKU heterozygous mice were bred to produce PKU homozygous mice and WT control mice. Genotyping for the presence of the Pah enu2 mutation was performed by PCR analysis of toe biopsy DNA on an amplified region of exon 7 of the PAH gene at 7-10 days of age (TaqMan Gene Expression assay ID AHAAB1X, Applied Biosystems, Foster City, CA). The experimental design included 12 treatment groups in a 2 ϫ 2 ϫ 3 factorial design, which included 3 main effects and interactions, genotype, PKU homozygous, or WT; sex, male or female; and 3 semipurified diets, GMP, AA, and casein control. Mice were randomized to the three diets by stratified randomization at weaning (21 days), separated by sex, and housed within their litters and dietary treatment groups in shoe-box cages in a room maintained at 22°C on a 12:12-h light-dark cycle with free access to water. The mice were weighed between 0900 -1100 five times per week from 21 to 35 days of age, and then three times per week through the end of the study.
Mice were fed the experimental diets from weaning through young adulthood for a mean of 20.4 Ϯ 0.11 wk (range 17-23 wk, n ϭ 180 mice). Fat mass and lean mass of each mouse were assessed by dual-energy X-ray absorptiometry (DXA) utilizing PIXImus (GE/ Lunar Corp, Madison, WI). Principally, this quantification is possible by comparing the differential attenuation of two X-ray beams of different intensities through tissue (44) . The scans were analyzed by a single individual blinded to the treatment groups with PIXImus software version 2.10, as previously reported, and shown to be strongly correlated with proximate biochemical analysis of soft tissue composition (12, 43) . Following anesthesia with isoflurane via an anesthesia machine (IsoFlo, Abbott Laboratories, North Chicago, IL), mice were placed prone on the scanner bed with the limbs and tail stretched away from the body. One scan per mouse, requiring 4 min, was performed at four different time points, at 6 -9, 10 -13, 14 -17, and 18 -21 wk of age. The analysis of each scan excluded the head and provided a serial assessment of lean and fat tissue masses for each mouse throughout the growth cycle.
After consuming the experimental diets for 20 wk, mice were anesthetized using isoflurane via an anesthesia machine and euthanized by exsanguination between 0800 and 1000 in a fed state. Blood was collected by cardiac puncture into syringes containing a final concentration of 2.7 mmol/l EDTA, and plasma was isolated by centrifugation at 4°C. The profile of AA in plasma was determined in the Wisconsin State Laboratory of Hygiene using a Hitachi L-8900 AA analyzer equipped with an ion chromatography system using postcolumn ninhydrin derivatization (52) . The samples were deproteinized with sulfosalicylic acid, centrifuged, and passed through a 0.2-m filter before addition of an internal standard and injection into the column.
Plasma cytokines were quantified according to manufacturer specifications using the Bio-Plex Pro Mouse Cytokine Assay and read using the Bio-Rad Bio-Plex 200 system using flow cytometry to count fluorescently coded beads conjugated to antibodies (Bio-Rad, Hercules, CA). Liver, kidney, and spleen were dissected and weighed. Spleen samples (n ϭ 22) were fixed in 10% formalin, paraffin embedded, cut into sections, and stained with hematoxylin and eosin for histological inspection at ϫ10 magnification.
Diets. GMP, Davisco Foods International, LeSueur, MN). The GMP diet was supplemented with 1.5 times the National Research Council suggested requirement (equivalent to a total supplementation of 2.8% AA) for the following, limiting AA to compensate for faster absorption and degradation of AA compared with intact protein (39, 41) : arginine, histidine, leucine, methionine, tryptophan, and tyrosine. The AA diet was patterned after the AA composition reported by Rogers and Harper (48) to support maximal growth in rodents and does not mimic the profile of AA found in a specific intact protein. Complete AA analysis of the diets was conducted in the Experiment Station Chemical Laboratories, University of Missouri-Columbia (Columbia, MO) ( Table 2 ). The phe content of the diets expressed per kilogram diet was casein, 9.2 g phe; AA, 2.2 g phe; and GMP, 2.6 g phe. The low-phe AA and GMP diets provided the minimum level of phe needed to support growth (39) .
Metabolic phenotyping. Acute energy balance was assessed in a subset of 120 mice at 23 wk of age with a metabolic phenotyping system utilizing indirect calorimetry (LabMaster modular animal monitoring system, TSE Systems, Chesterfield, MO), as previously reported (37) . Food and water intake, oxygen consumption (V O2) and carbon dioxide production (V CO 2) were continuously measured over a 48-h period, and the respiratory exchange ratio (RER, CO2/O2) was calculated. Mice were acclimated to the individual housing in the metabolic cages before data collection, as indicated by characteristic circadian rhythms of V O2 and V CO2 (37) . Indirect calorimetry measurements (V O2 and V CO2) and the RER from the same time for the 48-h measurement period were averaged, and the area under the curve was calculated and expressed per 24 h or during the light (0600 -1800) or dark (1801-0559) cycles for each mouse. V O2 data were expressed per kilogram of lean mass (21) .
Statistical analyses. The primary method of analysis for data obtained at one time point was three-way ANOVA using PROC MIXED, with random effects for animal identification, to identify the main treatment effects of genotype, sex, diet, and their interactions, followed by the protected least significant differences technique to identify differences among treatment groups (SAS Institute, 2007, Cary, NC). Plasma cytokines were analyzed by one-way ANOVA. Values are in g/kg diet. *Indispensable amino acids. Values are means Ϯ SE in mol/l; n, no. of mice. WT, wild type; PKU, phenylketonuria; BCAA, branched chain amino acid. There was a significant genotype effect where WT mice had higher plasma concentrations of arginine, aspartate, glutamine, glycine, taurine, tryptophan, and tyrosine compared with homozygous mice. The amino acid diet resulted in higher values for alanine, glycine, and serine compared with casein and GMP. Both amino acid and casein diets had higher values for lysine compared with GMP. The casein diet resulted in higher plasma cysteine than GMP, but not amino acid diet. GMP had higher plasma tryptophan than casein, but not amino acid diet. Casein resulted in higher plasma leucine and tyrosine than both GMP and amino acid diets. Both casein and GMP diets resulted in higher plasma proline, valine, and BCAA than the amino acid diet. The GMP diet resulted in higher plasma glutamate, glutamine, and threonine compared with both the casein and amino acid diets. Females have higher plasma levels of arginine, citrulline, lysine, and taurine, and males have higher plasma glutamate. There was a significant genotype by diet interaction for isoleucine and phenylalanine.
a,b,c,d Means in a row with superscripted letters without a common letter differ, P Ͻ 0.05. BCAA, sum of isoleucine, leucine, and valine. P values not listed are nonsignificant.
Changes in body weight were analyzed separately for male and female mice using a repeated-measures model within PROC MIXED. The model included the fixed effects of diet, genotype, and sex, and all of their interactions, as well as the factor time, and all of the two-way interactions with the other main effects. A random effect of animal nested within the diet ϫ genotype ϫ sex interaction was also included. To account for autocorrelated errors, an autoregressive error structure was included, and the Kenward-Roger method was used to compute the denominator degrees of freedom for the tests of the fixed effects. Analysis of longitudinal body composition data and V O2 were each done using a three-way ANOVA that also included age and lean mass, respectively, as a covariate with interaction terms. Backward elimination was used to remove nonsignificant terms involving age or lean mass. Statistics were performed on transformed data for results showing unequal variances among groups; actual data are presented when transformations were required. Data are presented as means Ϯ SE; P Ͻ 0.05 was considered statistically significant. When significant main effects without significant interaction were observed, data presented in Figs. 1-7 were pooled across corresponding treatment groups. Sample size is indicated on the tables and figures.
RESULTS
Plasma AA profile. Consistent with an absence of PAH activity, the plasma concentration of phe was 15-to 49-fold higher in PKU compared with WT mice (Table 3) . The lowphe AA and low-phe GMP diets reduced plasma phe concentration in PKU mice by 65% and in WT mice by 24% compared with the high-phe casein control diets. The plasma concentration of tyrosine was over 50% lower in PKU compared with WT mice, and the AA and GMP diets reduced plasma tyrosine concentration by 30 -62% in WT and PKU mice compared with the casein diet.
There were alterations in the plasma AA profiles due to diet, consistent with our laboratory's previous report and the unique AA profiles of the AA, GMP, and casein diets (39) ( Table 2 ). In both PKU and WT mice, plasma concentrations of glutamine, isoleucine, and threonine were significantly higher, and plasma concentration of lysine was significantly lower with ingestion of the GMP compared with the AA and casein diets. Likewise, the plasma concentrations of glycine and serine were significantly higher with ingestion of the AA compared with the GMP and casein diets. Both the casein and GMP diets induced higher plasma concentrations of the large neutral AA, proline, valine, and the sum of the branched-chain AA, leucine, isoleucine, and valine. Female WT and PKU mice showed higher plasma concentrations of arginine, citrulline, lysine, and taurine, but lower concentrations of glutamate compared with male mice.
Growth rate. Growth curves showing change in body weight for male and female mice from weaning through 23 wk of age are shown in Fig. 1 . At weaning when the experimental diets were initiated, PKU mice weighed 34% less than WT mice (6.2 Ϯ 0.10 vs. 8.4 Ϯ 0.15 g; P Ͻ 0.0001). As expected, male mice showed significantly greater accretion of body weight and lean body mass over time than female mice, and this response was independent of genotype and diet.
Male WT mice fed the casein diet showed a greater rate of gain in body weight, beginning at week 5 and continuing through the end of the study compared with the other treatment groups. Comparing the entire growth curve of each male treatment group, the only significant difference was that WT males fed the casein diet weighed, on average, 14% more than the other five groups.
In female mice, the PKU genotype modulated the growth response, such that WT mice weighed significantly more from 14 to 23 wk than did PKU mice. The final body weight of WT female mice was ϳ3% greater compared with PKU female mice (22.2 Ϯ 0.21 vs. 21.6 Ϯ 0.21 g body wt, P ϭ 0.0312). Moreover, PKU female mice fed casein weighed the least from weeks 4 -6, weeks 8 -13 , and during the second half of the growth curve compared with the other five treatment groups. With respect to the entire growth curve of each female treatment group, the findings are similar to the male data in that the growth trajectory of WT and PKU mice fed the AA and GMP diets was similar. In addition, WT mice fed casein compared with the low-phe diets showed a greater rate of gain in body weight in association with higher phe intake and plasma phe concentration. Interestingly, female PKU mice did not show a rebound in body weight from weaning while eating the casein diet, as noted in male PKU mice.
Body composition. Composition of lean mass and fat mass determined by DXA are shown in Fig. 2 . Coincident with greater body weight, male WT mice fed casein showed a significantly greater amount of lean mass compared with the other five male groups, whereas the amount of lean mass in WT and PKU female mice was not significantly different due to diet. Both male and female PKU mice showed a catch-up in body weight from weaning and a similar amount of final lean mass compared with their respective WT littermates fed the GMP or AA diets. Thus the low-phe AA and GMP diet formulations support growth to a similar extent in both WT and PKU mice.
Diet had a significant effect on final body fat content and the percent of body weight as fat assessed over time. Male PKU mice showed significantly lower final body fat content, as well as percent body fat when fed the GMP or casein diets compared with the AA diet (Fig. 2, A and C) . In contrast, percent body fat was not significantly different among male WT mice fed the casein, AA, or GMP diets. Female WT and PKU mice fed GMP showed a significantly lower final fat mass and percent body fat compared with both the AA and casein diets (Fig. 2, B and D) . Overall, both male and female PKU mice fed the GMP diet showed a significantly lower percentage of body fat compared with mice fed the AA diet, despite similar lean mass and gain in body weight.
PKU mice show increased energy expenditure. Energy expenditure determined by mean V O 2 over 48 h was significantly increased by 3-15% in PKU mice compared with WT mice (Fig. 3A) . In PKU mice, the GMP diet significantly attenuated the increase in V O 2 induced by the high-phe casein diet (2.55 vs. 14.82% increase, P Ͻ 0.05), although energy expenditure remained significantly higher compared with WT mice. The AA diet did not alter energy expenditure compared with the casein diet in PKU mice (12.88% increase AA diet vs. 14.82% increase casein diet compared with WT mice). PKU mice also showed an increase in mean 24-h energy expenditure compared with WT mice based on V O 2 per kilogram of lean mass (data not shown). Consistent with greater energy expenditure and yet similar growth, food intake was significantly greater in PKU mice fed the casein or AA diets compared with WT mice (Fig.  3B) . The GMP diet normalized food intake in PKU mice, such that the amount of food eaten by PKU mice to support growth when fed GMP was significantly lower than the amount eaten when fed casein or AA, but not significantly different from that observed in WT mice. Taken together, the V O 2 and food intake data demonstrate that the GMP diet supported similar growth and attenuated the metabolic stress that was reflected in increased energy expenditure in PKU mice fed the casein or AA diets.
GMP diet reduces the RER compared with the AA diet. The RER (CO 2 produced/O 2 consumed) during the dark cycle when mice were eating was significantly lower in both WT and PKU mice fed the GMP diet compared with the AA diet; significant interaction of sex and diet was observed (Fig. 4) . The reduction in RER with ingestion of the GMP diet was most apparent in female mice, both WT and PKU, where the RER was significantly reduced during both the light and dark cycles compared with the AA and casein diets. The reduction in RER for male mice, both WT and PKU, fed GMP was only observed during the dark cycle. The lower RER suggests that the GMP diet increased fat oxidation compared with the AA diet. Moreover, it is consistent with the significant reduction in final fat mass observed in female WT and PKU mice fed GMP compared with both the AA and casein diets, and in male PKU mice fed GMP compared with the AA diet.
GMP diet decreases renal workload in WT and PKU mice compared with the AA diet. To assess the impact of diet and the PKU genotype on kidney workload, we determined mean 24-h water intake (a surrogate for urine output) and renal mass.
Water intake and renal mass were significantly greater in both WT and PKU mice fed the AA diet compared with the GMP diet; the magnitude of increase in renal mass with the AA diet was greater in male compared with female mice (sex ϫ diet, P ϭ 0.0002) (Fig. 5) . In PKU mice, the casein diet increased renal mass to a level similar to the AA diet, most likely due to the excretion of organic acids derived from the highly elevated levels of phe in blood. These findings suggest that the GMP diet reduced renal metabolic activity and energy expenditure compared with both the casein and AA diets in PKU mice. Moreover, consistent with greater energy expenditure for metabolic activities, such as urea synthesis, relative liver mass was increased by 7% in PKU compared with WT mice with a nonsignificant trend in female PKU mice (P ϭ 0.0730) for lower liver mass in PKU mice fed GMP (Fig. 5C) .
PKU mice fed casein or AA diets show systemic inflammation. Surprisingly, spleen mass was significantly elevated in both male and female PKU mice, fed either the casein diet (38% increase) or AA diet (18% increase) compared with the GMP diet (Fig. 6 ). In contrast, the GMP diet normalized spleen mass to the level observed in WT mice. Systemic inflammation was suggested by splenomegaly and reinforced by histology. Evaluation of histological sections from spleen indicated that PKU mice fed the casein diet, and to a lesser extent the AA diet, showed more prominent germinal centers where interactions between antigens and lymphocytes occur, compared with WT mice fed casein or PKU mice fed GMP. Consistent with systemic inflammation, plasma levels of the inflammatory cytokines, interleukin-1␤ (IL-1␤), interferon-␥ (IFN-␥), and granulocyte macrophage colony-stimulating factor (GM-CSF), were elevated in male PKU mice fed the casein or AA diets compared with WT mice; the GMP diet normalized this response (Fig. 7) . Female mice showed generally higher plasma cytokine levels than male mice, and there were no significant diet effects (data not shown). Taken together, this suggests that the casein and AA diets induced systemic inflammation in PKU mice associated with splenomegaly and prominent germinal centers, which was normalized by the GMP diet.
DISCUSSION
PKU is the first human genetic disease to have an effective therapy. The essential feature of therapy for PKU is adherence to a low-phe diet that includes AA formula as the primary source of nitrogen and indispensable AA. Initiation of a lowphe diet shortly after birth prevents the devastating PKU phenotype of severe cognitive impairment; however, lifelong adherence to a low-phe, AA-based diet is extremely difficult (23, 40, 57) . We have developed a new paradigm for the PKU diet utilizing low-phe foods made from the intact whey protein GMP, supplemented with limiting AAs to provide a palatable alternative to AA formula. This study extends our research in humans with PKU (30, 38, 54) , as well as PKU mice (39) by assessing the impact of GMP, AA, and casein diets fed from weaning through adulthood on growth, body composition, energy balance, and systemic inflammation in PKU and WT mice. When fed the high-phe casein diet or the low-phe AA diet, PKU mice exhibited metabolic stress, or altered homeostasis induced by the absence of PAH activity, as reflected in increased energy expenditure and intake of food and water, Fig. 3 . Oxygen consumption (V O2; A) and food intake (B) in PKU and WT mice fed CAS, AA, and GMP diets. V O2 was assessed at 23 wk of age over a 48-h period and analyzed with lean body mass as a covariate. Mean V O2 showed a significant effect of genotype (P Ͻ 0.0001) and significant interaction of genotype and diet (P ϭ 0.0180) at the mean of lean body mass. Energy expenditure as reflected in V O2 was significantly increased by 3-15% in PKU mice compared with WT mice (2.55% increase b GMP; 12.88% increase a,b AA, and 14.82% increase a CAS). a,b Different superscripted letters indicate significant differences in mean V O2 and food intake based on significant genotype ϫ diet interaction. Male mice consumed significantly more food than female mice without diet interaction (P ϭ 0.04). Values are means ϩ SE; nos. in parentheses indicate sample size.
increased renal mass, and systemic inflammation compared with WT mice. When PKU mice were fed the low-phe GMP diet, all of these adverse effects were significantly attenuated in association with similar growth and reductions in plasma phe concentration. Our findings suggest that GMP provides a more physiological source of low-phe dietary protein for PKU because it reduces the metabolic stress associated with ingestion of casein-or AA-based diets in PKU mice. Absence of hepatic PAH activity in PKU mice resulted in a dramatic, diet-dependent increase in mean 24-h energy expenditure and a corresponding increase in food intake with ingestion of casein or AA, but not GMP, compared with WT mice. Increased energy expenditure is consistent with greater metabolic activity in PKU mice, as reflected in greater liver mass (58) , the cost of metabolizing excess phe to phenylketones and other organic acids, and the energy lost from urinary excretion of phe-derived organic acids. In support of increased energy needs to metabolize excess phe, PKU mice fed casein showed the highest plasma phe concentrations and the largest 15% increase in energy expenditure, and when plasma phe concentrations were reduced with the low-phe diets, the increase in energy expenditure was attenuated. Parallel to these observations in PKU mice, two studies found that resting energy expenditure is, on average, 5-10% higher in female children with PKU than that predicted by standard equations used to estimate energy needs (4, 42) . Higher energy expenditure due to the absence of PAH activity, especially when phe levels are poorly controlled, may help explain the reduced growth observed in children with PKU who struggle with the AA-based diet (6, 16) .
Greater nervous physical activity may also help to explain why PKU mice show higher energy expenditure compared with WT mice. Brain sections from PKU mice show two-to sevenfold higher levels of orexin, a hormone found to increase physical activity (53), compared with WT mice. When ambulatory activity was measured by infrared sensors in PKU mice, researchers found hypoactivity in PKU mice at 10 mo of age (35) ; however, PKU mice at any age were noted to display a tremor (personal communication, A. Kume), which may contribute to greater overall energy expenditure.
Ingestion of an AA meal rapidly increases plasma AA concentrations, resulting in increased ureagenesis and reduced protein retention compared with intact protein (13, 18, 34, 54) . Our data suggest that the AA diet increased renal workload to facilitate nitrogen excretion in both PKU and WT mice, as reflected in increased water intake and renal mass compared with the casein diet in WT mice. In contrast, the GMP diet did not induce an increase in water intake or renal mass. Taken together with the findings on energy expenditure and food intake, the GMP diet supports growth and reduces plasma phe concentration to a similar extent as the AA diet, and yet it is more physiological based on normalization of energy expenditure, food and water consumption, as well as renal mass.
Another interesting finding from our study is that PKU mice fed the casein diet, and to a lesser extent the AA diet, showed clear evidence of systemic inflammation based on splenomegaly, prominent germinal centers, and elevated plasma concentrations of the inflammatory cytokines IFN-␥, IL-1␤, and GM-CSF. Strikingly, GMP normalized these inflammatory responses. The mechanism by which systemic inflammation occurs in PKU mice fed casein or AA diets remains unknown and requires further research. We speculate that increased concentrations of phe, associated organic acids, or alterations in the plasma AA profile may play a role (50, 51) . The human condition of PKU is not associated with increased risk of infectious disease; however, skin irritation often occurs when blood phe concentrations are poorly controlled (14) . a,b,c Means with different superscripted letters are significantly different (P Ͻ 0.05), reflecting the significant interaction of genotype and diet for kidney and water intake. Relative mass of liver showed a significant effect of genotype (P ϭ 0.0001) and sex (P ϭ 0.0174) without interaction; greater liver mass was observed in PKU vs. WT mice and female vs. male mice. BW, body weight.
Our finding that the GMP diet normalized inflammatory responses observed in PKU mice is consistent with evidence that GMP modulates innate immunity, as reflected in increased cytokine production in human monocytes (45) , and suppresses adaptive immunity, as reflected in decreased stimulation of T helper 1 (Th1) lymphocytes (47) . Moreover, oral gavage of GMP shows significant anti-inflammatory effects in rat models of colitis and ileitis, resulting in normalization of spleen mass and reduced expression of IL-1␤ in ileum and colon (29, 46) , similar to our observations in PKU mice. GMP inhibits the induction of IFN-␥, and, to a lesser extent TNF-␣, in concanavalin A-stimulated rat splenocytes (47) , also consistent with our observation that the GMP diet normalized the elevated plasma levels of IFN-␥ noted in PKU mice fed casein or AA diets. Conversely, stimulation of Th1 lymphocytes in spleen and higher plasma concentration of IFN-␥ in PKU mice fed the casein diet may help explain the increased size and number of germinal centers noted in PKU mice fed casein, but not GMP (15) . Finally, normalization of the plasma concentration of GM-CSF in PKU mice fed GMP supports the hypothesis that GMP suppresses inflammation and Th1 lymphocytes (10, 47) .
Ingestion of whey protein, a complex mixture of three major proteins including ␤ lactoglobulin (35-50%), ␣ lactalbumin (20 -25%), and GMP (15-20%) (25) has shown promise in human studies to promote satiety (5, 19, 55) and facilitate loss of body fat mass (1, 7, 49) . Studies that have isolated the specific impact of GMP demonstrate that GMP promotes satiety and modulates food intake in both control subjects (8, 26, 56) and those with PKU (30); this response has been linked with the ability of GMP to stimulate cholecystokinin release (9) and inhibit ghrelin release after eating (30) and the high content of branched chain AA in GMP. Evidence in the present study demonstrates that GMP, compared with an AA diet, significantly lowers RER during the dark cycle in both WT and PKU mice, consistent with increased fat oxidation and supported by a significantly lower percentage of body fat in PKU mice fed GMP. Interestingly, female compared with male mice showed a more pronounced response to the GMP diet in lowering RER and percentage of body fat. Consistent with our findings, a study in male Wistar rats indicates that GMP limits expansion of fat mass while maintaining lean mass (49) . Given the rising incidence of overweight in children and adults with PKU (3, 33) , further investigation is warranted to determine the relevance of our findings to the treatment and/or prevention of obesity in patients with PKU.
In summary, we report for the first time that PKU mice exhibit increased energy expenditure and that PKU mice fed high-phe casein or low-phe AA diets show evidence of sys- temic inflammation. Both phenotypes are attenuated by the GMP diet. Our findings support the view that a GMP diet provides a more physiological source of low-phe protein compared with the usual AA diet because it reverses the metabolic stress reflected in increased renal workload and immune stimulation that is observed in PKU mice fed an AA diet. Further research is needed to investigate the application of these novel findings to the human condition of PKU.
